The contribution of pre-mRNA processing mechanisms to the regulation of immune 33 responses remains poorly studied despite emerging examples of their role as 34 regulators of immune defenses. Here, we used mRNA sequencing to quantify gene 35 expression and isoform abundances in primary macrophages from 60 individuals, 36 before and after infection with two live bacteria. In response to both bacteria we 37 identified thousands of genes that significantly change isoform usage in response to 38 infection, and found global shifts towards (i) the inclusion of cassette exons and (ii) 39 shorter 3' UTRs. Using complementary data collected in non-human primates, we 40
To address these questions, we investigated genome-wide changes in transcriptome 84 patterns after independent infections with Listeria monocytogenes or Salmonella 85 typhimurium in primary human macrophages. Because of the distinct molecular 86 composition of these two pathogens and the way they interact with host cells, they 87 activate distinct innate immune pathways after infection (Haraga et al. 2008; Pamer 88 2004 ). Thus, our study design allowed us to evaluate the extent to which changes in 89 isoform usage are pathogen-specific or more generally observed in response to 90 bacterial infection. Furthermore, the large number of individuals in our study 91 allowed us to use natural variation in RNA processing to gain insight into fine-tuned 92 inter-individual regulation of immune responses. Our results provide a 93 comprehensive picture of the role of RNA processing in regulating early innate 94 immune responses to bacterial infection in human antigen-presenting cells. 95 96 RESULTS 97 98 Infection with either Listeria or Salmonella induces dramatic changes in mRNA 99 expression levels. Following 2 hours of infection with each bacteria, we collected 100 RNA-seq data from 60 matched non-infected and infected samples, with an average 101 of 30 million reads sequenced per sample (see Methods; Table S1 ). The first 102 principal component of the complete gene expression data set clearly separated 103 infected from non-infected samples, and both PC1 and PC2 clustered infected 104 samples by pathogen (i.e. Listeria or Salmonella; Figure 1A ). Accordingly, we 105 observed a large number of differences in gene expression levels between infected 106 and non-infected cells, with 5,809 (39%) and 7,618 (51%) of genes showing 107 evidence for differential gene expression (DGE) after infection with Listeria and 108 Salmonella, respectively (using DESeq2, FDR ≤ 0.1% and |log2(fold change)| > 0.5; 109 Figure S1A, Table S2 ). As expected, the sets of genes that responded to either 110 infection were strongly enriched (FDR ≤ 1.8×10 -6 ) for genes involved in immune-111 related biological processes such as the regulation of cytokine production, 112 inflammatory responses, or T-cell activation (Table S3) . 113
114
In order to uncover changes in isoform usage in response to infection using our 115 RNA-sequencing data, we applied two complementary approaches for analyzing 116 RNA processing. We first measured abundances of full isoforms to gain a holistic 117 perspective of the transcriptome landscape. Second, we used the relative 118 abundances of individual exons within a gene to gain a finer understanding of the 119 specific RNA processing mechanisms likely to be involved in the regulation of 120 immune responses. 121 122 Pervasive differential isoform usage in response to infection. We initially 123 sought to assess changes in isoform usage after infection using proportional 124 abundances of the different isoforms encoded by the same gene. To do so, we used 125 Figure S1C ). Following infection with Listeria and Salmonella, 6.2% and 10.2%, 140 respectively, of genes with a dominant isoform prior to infection (see methods) switch to 141 using an alternative dominant isoform ( Figure S1E) . 142 143 DIU genes were significantly enriched for genes involved in immune responses (FDR 144 ≤ 0.01; Table S3 ), including several cytokines (e.g. IL1B, IL7, IL20), chemokines 145 (CCL15), regulators of inflammatory signals (e.g. ADORA3, MAP3K14) and genes 146 encoding co-stimulatory molecules required for T cell activation and survival (e.g. 147 CD28 in Figure 1B , CD80) ( Figure S2 ). Notably, 86% of genes with DIU upon 148 infection with Listeria were also classified as having DIU after infection with 149
Salmonella, suggesting that changes in isoform usage are likely to be common across 150 a wide variety of immune triggers. To assess the robustness of our findings, we 151 tested for DIU using isoform-specific expression levels calculated with Kallisto, an 152 alignment-free quantification method (Bray et al. 2016 ) (see Supplementary  153 Methods). At an FDR of 5%, we observed a 74% (Listeria) and 78% (Salmonella) 154 agreement with DIU genes identified using RSEM, confirming that identification of 155 DIU genes is largely robust to the method used for isoform quantification. 156 157 Considering the large proportion of genes with significant DIU upon infection, we 158 sought to understand whether these changes arose from a shift in the usage of a 159 dominant isoform or increased isoform diversity within a given gene. To do so, we 160 calculated the Shannon diversity index, which measures the evenness of the isoform 161 usage distribution for each gene before and after infection (low values reflect usage 162 of one or few isoforms; high values reflect either the usage of a more diverse set of 163 isoforms or more equal representation of the same set of isoforms). ΔShannon thus 164 quantifies the change in isoform diversity after infection (Table S5 ). The majority of 165 genes (63% in Listeria and 68% in Salmonella) show an increase in isoform 166 diversity (ΔShannon > 0) after infection ( Figure S1D (Table  199 S6), defined as the proportion of transcripts from a gene that contain the "inclusion" 200 isoform (defined as the longer isoform for RIs, SEs, and TandemUTRs, or use of the 201 exon most distal to the gene for AFEs and ALEs). ΔΨ values thus represent the 202 difference between PSI values calculated for the infected versus non-infected 203 samples. Overall, we observed many significant changes in RNA processing (N ≥ 204 1,098) across all categories in both bacteria (significance was defined as Bayes 205
Factor > 5 in at least 10% of individuals and |mean ΔΨ| > 0.05), compared to null 206 expectations derived from measuring changes among pairs of non-infected samples 207 (N=29) (Figure 2A , Table S7 ). Our criteria for determining significant changes also 208 allows us to choose exons that are more likely to be consistently changing across 209 many individuals; significantly changing exons have lower variance in ΔΨ values 210 across individuals than exons that are not changing after infection ( Figure S4 ). The 211 greatest proportion of changes after infection occurred among retained intron and 212
TandemUTR events. PSI values for 7.3% and 14% of retained introns and 7.6% and 213
16.7% of TandemUTRs significantly changed after infection with Listeria or 214
Salmonella, respectively. When we considered the set of genes associated with at 215 least one significant change in RNA processing, we observed an over-representation 216 of Gene Ontology categories involved in immune cell processes and the cellular 217 response to a stimulus ( Figure 2B , Table S8 ). Although less frequent, we also see a general trend towards usage of upstream 230 polyadenylation sites in alternative last exons. Interestingly, we found a striking 231 correlation in the extent to which a given individual has a global shift towards 3' 232 UTR shortening and towards usage of an upstream ALE (Pearson R = 0.83, P = 4.97 × 233 10 -16 for Listeria and Pearson R = 0.78, P = 2.65 × 10 -13 for Salmonella, Figure S6B Table S9 ). As with macrophages, we observed consistent 292 strong shifts towards increased exon inclusion and shorter 3' UTRs in human whole 293 blood cells stimulated with LPS. Furthermore, we observed similar trends toward 294 increased exon inclusion and significant 3' UTR shortening in macaques and 295 chimpanzees, supporting a conserved response of RNA processing pathways during 296 innate immune responses in primates ( Figure 4B ). In addition, these data shows 297 that the shortening of 3' UTRs and increased exon inclusion are not limited to 298 isolated macrophages but also observed as part of the immune response engaged by 299 interacting primary granulocytes and lymphocytes, more closely mimicking in vivo 300 cellular responses to infection. 301
302

Increased exon inclusion is associated with increased gene expression levels. 303
Since we observed strong connections between overall isoform usage and 304 differential gene expression, we explored the relationship between the occurrence 305 of particular RNA processing changes and the direction of gene expression changes 306 in response to infection. We found that genes with significant differences in skipped 307 exon usage pre-and post-infection (up to 80% of which have increased skipped 308 exon inclusion after infection) were more likely to be up-regulated after infection 309
(T-test, both P ≤ 1×10 -4 for Listeria and Salmonella; Figure 5A ; Figure S8A ). This 310 association remained when gene expression levels were calculated using reads 311 mapping to constitutive exons only ( Figure S8A ), eliminating concerns about 312 alternative spliced isoforms impacting gene expression estimates. Our observation 313 is consistent with a recent study that reported increased gene expression in tissues 314 with increased inclusion of evolutionarily novel SEs (Merkin et al. 2015) . Genes with 315 other types of splicing changes showed no trend in expression changes. 316 317 Genes with significant skipped exon usage were enriched for Gene Ontology 318 categories such as "response to stimulus," and also for "RNA processing" and "RNA 319 stability" categories ( Figure S9A ). Included within these latter categories are several 320 members of two major splicing factor families, SR proteins and hnRNPs, which 321 showed increased inclusion of skipped exons and increased gene expression after 322 infection ( Figure S9B) Figure S12 ). This result indicates that the pervasive 3' UTR 384 shortening observed in response to infection is due to an active cellular process that 385 is independent of cell division and might be mechanistically distinct from that 386 leading to 3' UTR shortening in proliferating cells. 387 388 Previous studies in proliferating cells postulated that 3' UTR shortening can act as a 389 way to evade regulation by microRNAs (miRNAs), since crucial miRNA target sites 390 are most often found in 3' UTR regions (Sandberg et al. 2008 ). To evaluate this 391 hypothesis we performed small-RNA sequencing in 6 individuals after 2h and 24h of 392 infection with Listeria and Salmonella. When focusing specifically on miRNAs 393 expressed in macrophages (Table S10), we found that the extended UTR regions of 394 infection-sensitive 3' UTRs have a significantly higher density of miRNA target sites 395 compared to TandemUTRs that do not change in response to infection ( Figure 6A) . 396
This increased density of miRNA target sites was restricted to the extension region, 397 which is subject to shortening after infection: no difference in the density of target 398 sites was observed in the common "core" 3' UTR regions of the same genes (Figure 399 S13). 400 401 Next, we tested if the increased density of miRNA target sites was driven by the 402 enrichment of target sites for particular miRNAs expressed in macrophages. For 403 each miRNA that was expressed in either non-infected or infected macrophages, we 404 calculated an enrichment score assessing whether the target sites of that miRNA 405 were significantly enriched in the extended region of significantly shortened 3' UTRs 406 (with a background distribution matched for sequence composition; Figure S14 following infection, and strongly so after 24h of infection ( Figure 6B ). In the 417 majority of cases, greater 3' UTR shortening was associated with a stronger increase 418 in gene expression across individuals, suggesting that shifts towards shorter 3' UTRs 419 after infection allows these transcripts to escape from repression by specific 420 immune-induced miRNAs. Salmonella, our data revealed striking similarities in the overall patterns of RNA 428 processing induced in response to both pathogens. Given the strong overlaps, we 429 chose throughout this study to focus on consistent patterns across the two bacteria. 430 431 Though genes that have differential isoform usage in response to infection are more 432 likely to show changes in gene expression, we found that as many as 47% of genes 433
showing differential isoform usage have no evidence for differences in gene 434 expression upon infection. This observation suggests that a considerable proportion 435 of genes are regulated predominantly by post-transcriptional mechanisms, with 436 minimal changes in transcriptional regulation. Differential isoform usage is coupled 437 to a prominent increase in the diversity of isoforms following infection. Intriguingly, 438
genes showing the strongest increases in diversity upon infection were strongly 439 enriched among down-regulated genes ( Figure S3B ). This observation raises the 440 possibility that the increased isoform diversity could reflect a shift toward less 441 stable isoforms, e.g., those targeted by nonsense-mediated decay (NMD), thus speculate that without such 3' UTR shortening, the binding of one or more of 493 miRNAs to the 3' UTR region of these genes would compromise their up-regulation 494 and the subsequent activation of downstream immune defense pathways. Given that 495 many miRNAs are involved in either (or both) mRNA degradation and translational 496 efficiency, we cannot know for sure which of these processes is prevented by the 3' 497 UTR shortening of these genes. 498
499
The convergence towards similar isoform outcomes across many disparate genes 500 suggests the activation of factors acting in trans to drive global shifts towards 501 inclusion of cassette exons or usage of upstream proximal polyadenyalation sites. 502
Taking advantage of our relatively large sample size, we were able to identify 503 candidate trans-factors whose up-regulation upon infection might have widespread 504 impacts on RNA processing patterns, including some known regulators of 505 alternative splicing or 3'end processing ( Figure S11 ). Sets of RNA binding factors 506 likely act in combination to influence final transcriptome states (Brooks et al. 2015) . 507
For instance, a general up-regulation of splicing machinery following infection 508 (Munding et al. 2013 ), allowing the cell to recognize and use additional splice sites, 509 might contribute to increased exon inclusion and greater isoform diversity observed 510 following infection. Members of both the hnRNP and SR protein splicing factor 511 families show up-regulation of their overall gene expression levels ( Figure S9B with its known splicing function and suggesting that this factor may play multiple 521 roles in shaping the transcriptome in response to bacterial infection. 522 523 An alternative mechanism that has been proposed for the global regulation of 3' 524 UTR shortening in T-cell activation and neuronal differentiation is a phenomenon 525 called telescripting. This is a phenomenon by which moderately lower U1 snRNA 526 levels relative to global increases in nascent mRNA production restrict U1's 527 secondary role in inhibiting premature cleavage and polyadenylation (Berg et al. 528 2012). While we did not directly measure mRNA levels, we observe a moderate but 529 significant increase in total RNA concentration after 2 hours of infection that is Events were considered to be significantly altered post-infection if at least 10% (n 589 >= 6) of individuals had a BF >= 5 and the |mean ΔΨ| ≥ 0.05 (Table S6) 
